A presumptive diagnosis of tuberculosis can be made if a tissue has characteristic histopathologic changes and acid-fast organisms. However, definitive diagnosis requires culture and species identification of the causative mycobacterium, a process that takes several weeks to complete. The purpose of work reported here was to determine if formalin-fixed, paraffin-embedded tissues could be tested by polymerase chain reaction (PCR) to provide a more rapid diagnosis of tuberculosis. Nondecalcified tissues from cases of tuberculosis in cattle and elk (Cervus elaphus) were examined. The primers used for PCR amplified a 123-bp fragment of IS6110, an insertion sequence that is specific for organisms in the Mycobacterium tuberculosis complex ( M. tuberculosis, M. bovis, M. microti, M. africanum). The PCR test detected this sequence in tissues from 92 of 99 (93%) tuberculosis cases, including 3 of 4 elk. In 80 tissues, the positive results were obtained using material prepared by immersion of paraffin sections in water containing a detergent, followed by alternating boil/freeze cycles. The remaining positive results were obtained with DNA isolated from the crude tissue extracts by proteinase K digestion and phenol/chloroform purification. Accuracy of the IS6110 PCR test was demonstrated by negative test results on 31 tissues that had either nonmycobacterial granulomas or granulomatous lesions caused by other mycobacteria (M. paratuberculosis or M. avium). The findings of this study show that a PCR test usually can provide a rapid diagnosis of tuberculosis when it is applied to paraffin sections that have characteristic lesions and acid-fast organisms.
The United States has been actively pursuing the goal of bovine tuberculosis eradication for almost a century, and that objective has nearly been achieved. Most of the initial progress was made by using the caudal fold skin test to identify infected herds, which were then eliminated, but current regulatory efforts are focused on surveillance methods to identify infected animals. The cases are then traced to the herd of origin for further testing or other appropriate resolution of the problem.
Tuberculosis surveillance depends on detection of gross lesions by regulatory officials in meat inspection facilities or by pathologists in state diagnostic laboratories. In some cases, suspect tissues are obtained from animals other than domestic cattle, usually farmed elk (Cervus elaphus) and deer, but occasionally from other captive ruminant species or from free-ranging wildlife. Formalin-fixed tissue samples are routinely submitted for histopathologic examination, and in most cases fresh tissue is also provided for bacteriologic culture.
The finding of typical tuberculosis lesions 17, 23 and acid-fast bacteria by histopathologic examination is considered a presumptive diagnosis for the disease, but definitive diagnosis requires isolation of the causative organism, Mycobacterium bovis. The culture process is lengthy, usually taking several weeks to complete, and growth of contaminating organisms sometimes prevents successful isolation. Furthermore, even if mycobacteria are recovered, biochemical or other sophisticated tests must be applied to specifically identify M. bovis because other mycobacteria can sometimes induce lesions similar to those of tubercu1osis. 17 It would be a great advantage to officials responsible for the tuberculosis eradication program if a conclusive diagnosis could be made within a few days, rather than several weeks, after collection of suspect tissues. Rapid diagnosis also could be important in situations where human exposure to a potentially tuberculous animal must be considered. A method applicable to formalinfixed tissue would be particularly useful because when typical gross lesions of tuberculosis are not present, fresh tissue may not be saved for bacterial culture.
A number of studies have incorporated the polymerase chain reaction (PCR) into techniques for detection or identification of mycobacteria in for-malin-fixed, paraffin-embedded tissues of humans 2, 5, 6, [8] [9] [10] [11] [12] 19, 20, 22, [24] [25] [26] There are no reports of use of the technique for diagnosing tuberculosis in animals, but the procedure has been used to identify M. paratuberculosis in cattle with Johne's disease. 21 In this paper, we describe a PCR test that has been very effective for diagnosing tuberculosis using paraffin sections of diagnostic samples submitted as part of the US bovine tuberculosis eradication program.
Materials and methods

Specimens
All tissues examined in the study were fixed in 10% formalin for 1-9 days and processed for paraffin embedment by routine procedures. Lymph node from a pig experimentally inoculated with M. bovis was used to develop methods for PCR testing of paraffin sections. Lymph node from a steer born and raised in confinement at the National Animal Disease Center was used as negative control tissue. All other paraffin blocks were archival diagnostic material from the National Veterinary Services Laboratories (NVSL) Pathobiology Laboratory. Blocks from cases of tuberculosis were selected on the basis of records that indicated that the tissue had lesions and acid-fast organisms and that M. bovis had been cultured from the animal. At the time sections were cut for the PCR test, additional sections were prepared for histopathologic examination and acid-fast staining to assure that lesions and bacteria were present. All of the tissues selected were from cattle except 4, which were from elk. To demonstrate accuracy of the PCR test, tissues were also examined from cases of nontuberculous mycobacterial disease (M. paratuberculosis in deer, elk, and cattle; M. avium in chickens and swine) and from bovine cases of granulomatous disease with no evidence of a mycobacterial etiology.
Preparation of tissue for PCR
Paraffin sections were cut with disposable blades, using a new blade for each block. The block holder and blade holder were cleaned with xylene and alcohol after each block. A block of negative control tissue was included with every set of test blocks (a minimum of 1 control for every 10 blocks tested). For PCR, 2 sections (5 µm each) were placed using a sterile applicator stick, in a sterile 1.5-ml microcentrifuge tube.
Two different methods were used to prepare sections for the PCR test. The first method involved a series of steps designed to isolate relatively pure DNA, whereas the second method provided only a crude tissue extract.
Method 1. Paraffin was removed from tissue sections by a microwave technique. 1 Using a sterile applicator stick, sections were dispersed in 200 µl of buffer (50 mM Tris-HCl, pH 8.5; 1 mM ethylenediaminetetraacetic acid and 0.5% Tween 20 a ), exposed to microwave irradiation for 90 sec, and then centrifuged at 12,000 x g for 10 min. The resulting paraffin film at the top of the fluid was removed with a sterile pipette tip. After addition of 2 µl proteinase K b (final concentration = 0.2 mg/ml), the tubes were incubated overnight at 42 C. Enzyme activity was terminated by snap freezing in ethanol on dry ice and then boiling for 10 min. Residual tissue was pelleted by centrifugation at 3,000 x g for 10 min, and DNA was isolated from the supernatant with phenol: chloroform : isoamyl alcohol. c Following ethanol precipitation, the purified DNA was suspended in 50 µl water d and a 1-µl aliquot was tested by PCR. Negative samples were retested using a 5-µl aliquot.
Method 2. Tubes containing paraffin sections were centrifuged at 16,000 x g for 1 min to compact the tissue, and 200 µl of water d with 0.5% Tween 20 a was added. The tubes were boiled for 10 min, followed by snap freezing (ethanol on dry ice). This cycle was repeated, and the samples were then subjected to a third 10-min boil. Without cooling, the tubes were centrifuged at 3,000 x g for 20 min to pellet the tissue, and 10 µl of supernatant was tested by PCR. Negative samples were retested using a 20-µl aliquot.
PCR
All amplification reactions were performed using a hot start method with wax beads containing 1.5 mM Mg 2+ in 50 µl buffer, pH 8. (Table 1) . After an initial cycle of 10 min at 94 C and 135 sec at 72 C, amplification was continued for 50 cycles of 45 sec at 94 C and 75 sec at 72 C, followed by a final 10min extension at 72 C. Primers used to identify other mycobacteria (Table 1) produced either a 229-bp fragment from IS900 for M. paratuberculosis 28 or a 427-bp sequence from IS1245 for M. avium. 16 Amplification conditions for these primers included an initial denaturation at 94 C for 10 min, 50 cycles of 60 sec at 94 C, 15 sec at 65 C and 60 sec at 72 C, and a final 10-min extension at 72 C. Amplification products were analyzed by electrophoresing a 15-µl sample in 1.5% agarose f and staining with ethidium bromide. Any sample that produced a band of the expected size, as compared with control DNA, was considered positive. Samples that had bands at any other position or that had no bands were considered negative.
Results
In an initial PCR test of 28 blocks using purified DNA (extraction method 1), only 5 samples were positive. To determine if results were related to any of the factors involved in tissue processing, records of the diagnostic laboratory were reviewed. Although only 6 of the tissues had not been decalcified, all PCR-positive samples were from this group. In contrast, all of the other tissues, which had been decalcified, g gave negative results. Blocks of nondecalcified tissue from those cases were subsequently tested by PCR, and 19 of the 22 were positive. On the basis of these results, all further testing was restricted to nondecalcified tissues. Purified DNA was extracted from tissue sections of an additional 42 blocks, and 34 samples were positive by PCR. The combined results of these studies showed that a positive PCR response was detected with purified DNA from 58 of the 70 (83%) tuberculosis cases examined. Most of the positive results were obtained using a 1-µ1 sample aliquot; only 9 required a retest with 5 µl. The larger volume was not used routinely because preliminary testing had shown that many samples produced heavy smears after electrophoresis, indicating an overload of DNA that could lead to falsenegative results.
The 70 nondecalcified tissue blocks were used to evaluate effectiveness of the simplified sample preparation procedure (method 2). With this method, 81% of the samples were positive, which was comparable to the 83% that were positive with method 1. However, a comparison of individual results for the 2 sample preparation methods showed that although 50 cases were positive by both methods, 8 were positive only with method 1, and 7 were positive only with method 2. Therefore, when results of both preparation methods were combined, PCR confirmed the presence of M. tuberculosis complex bacteria in 65 of 70 (93%) tuberculosis cases, including 3 of the 4 elk. In contrast to the results observed with purified DNA, retests of crude extracts with a larger sample volume did not produce more positive samples.
Because PCR testing of crude tissue extracts has obvious advantages in terms of speed and simplicity, its use as a screening assay, with further testing of purified DNA to be used only for negative samples, was evaluated using paraffin blocks from 29 previously untested cases of tuberculosis. In the initial PCR test of crude extracts, 23 tissues gave positive results. Purified DNA was then prepared from negative samples and when that material was tested by PCR, 4 more positive samples were detected. In summary, the combined results of all tests showed that 80% (80 of 99) of crude extracts gave a positive result, whereas the total number of positive samples (from either crude extracts or purified DNA) was 93% (92 of 99).
It was not difficult to interpret results of PCR tests using the IS6110 primers. Amplification products other than the expected 123-bp fragment were rarely observed regardless of whether the material tested was crude tissue extract or purified DNA (Fig. 1) . Furthermore, most of the bands were intensely stained. On the few occasions when faint bands were observed, amplification was repeated, and in almost all cases the original result was verified.
Crude extracts of tissues from cases of nontuberculous mycobacterial disease (12 M. paratuberculosis, 9 M. avium) , all of which were PCR positive with their appropriate primers, gave negative results when tested with the IS6110 primers used to diagnose tuberculosis (Fig. 2) . Similarly, results of 10 cases of nonmycobacterial granulomatous disease also were negative.
Discussion
This study demonstrates that PCR can be used to diagnose ruminant tuberculosis in most formalin-fixed, paraffin-embedded tissues that have lesions and acidfast organisms. The success rate of this PCR method, 93%, indicates that it should be a very useful diagnostic tool, especially when a rapid confirmatory test is de-sirable. Although this is the first application of PCR to formalin-fixed tissues of animals infected with M. bovis, there have been 2 previous reports that described use of the technique on fresh tissues. 18, 29 One of those studies, 29 which used a different M. tuberculosis complex-specific insertion sequence (IS1081), detected 53 of 58 (91%) culture-positive samples. The IS1081 primers provided a more sensitive test than did primers for the MPB70 gene, which codes for an M. tuberculosis complex-specific protein. The superior sensitivity of IS1081 was believed due to the presence of 5 or 6 copies of this sequence in M. bovis, as compared with only 1 copy in MPB70.
Most cattle isolates of M. bovis contain only 1 copy of IS6110, 4,27 which suggested this sequence might not be adequate for PCR diagnosis of tuberculosis. In a recent study using IS6110 primers to test fresh tissues from tuberculous cattle, 18 only 71.4% of culture-positive tissues were positive by PCR. Nevertheless, this sequence was chosen as the target for the present assay because primers for a very short amplicon had been described. 7 Amplicon size was an important factor to consider because the objective of this study was detection of mycobacterial DNA in formalin-fixed tissue. Most fixatives, including formalin, markedly reduce the size of DNA fragments that can be recovered, especially if fixation time is prolonged. 13, 14 In such situations, primers that produce amplification products of < 200 bp are preferred. 15 The specificity of the IS6110 123-bp bands was not confirmed by hybridization with a labeled oligonucleotide probe. That step seemed unnecessary as a routine procedure because bands of that size were not seen in negative control tissues, in tissues from other mycobacterial disease, or in tissues of nonmycobacterial granulomatous disease. In some situations, however, the extra effort involved in specificity confirmation may be warranted.
The most surprising finding in this study was the relatively high PCR activity with material prepared by a simplified method that does not require removal of paraffin, protease digestion, or DNA purification. A similar procedure has been successfully applied for detection of the human ß-globin gene and Epstein-Barr virus. 3 Besides being simple, the procedure we developed here takes less than 1 hour to complete, and sample tubes are opened only once, which markedly reduces risk of intersample contamination.
The IS6110 sequence was not detected in 7 paraffin blocks, even though acid-fast organisms were seen in tissue sections. Thus, a negative PCR test should not be interpreted as evidence that a tissue does not contain M. tuberculosis complex bacteria. Test failures may have been due to the presence of amplification inhibitors in crude tissue extracts or to inadequate DNA recovery when purification was required. False-negative PCR results also might be a consequence of the small amount of tissue examined, as compared with the amount used for bacterial culture. In a recent study of PCR detection of mycobacterial DNA in paraffin blocks of human granulomatous lymphadenopathy, 26 the percentage of positive cases was markedly improved if multiple sections at different levels of the block were examined. The authors concluded that a multiple sampling protocol improved test efficiency because bacteria were unevenly distributed in the tissues.
The initial effort in this study to use the PCR technique on tuberculosis lesions clearly showed that tissue decalcification significantly inhibits successful amplification of DNA. At NVSL, as in most histopathology laboratories, a tissue with mineralization is placed in decalcifying solution for several hours before further processing to minimize the adverse effects of calcium deposits on tissue section quality. Most cattle tissues submitted to NVSL for tuberculosis examination are treated in this way because calcification is a common feature of the lesion. However, if characteristic lesions are found by histopathologic examination, another paraffin block is prepared from the original tissue, omitting decalcification. The reason for this additional step is that NVSL pathologists believe acid-fast staining procedures work better on nondecalcified tissue.
Although most of the samples in this survey were from cattle, the positive PCR results in 3 of 4 elk suggest that this test will be useful for diagnosing tuberculosis in cervids. This finding is encouraging because tuberculosis lesions in cervids often differ from those of bovine tuberculosis, which may limit the value of histopathologic examination in making a presumptive diagnosis. 23 Furthermore, rapid diagnosis is particularly important in cervids because skin testing of these species is difficult and epidemiologic investigations may be delayed until a conclusive diagnosis is available.
IS6110 is not specific for M. bovis but is specific for all organisms in the M. tuberculosis complex, which includes M. tuberculosis, M. bovis, M. microti, and M. africanum. In the United States, isolation of a mycobacterium in this complex other than M. bovis would be an extremely rare occurrence, especially in ruminants. However, because M. tuberculosis has been recovered from many animal species, infection with that organism might be more frequent in countries with a high incidence of human tuberculosis. Mycobacterium africanum also would have to be considered in countries where that organism occurs. Mycobacterium microti, which is considered primarily a pathogen of small rodents, would be more likely to infect carnivores and omnivores than herbivores. Regardless of the species affected, however, identification of any M. tuberculosis complex infection would warrant a public health concern.
PCR tests were performed for M. paratuberculosis and M. avium only to verify that amplifiable DNA was present in the samples used to confirm accuracy of the IS6110 assay. Experience suggests, however, that these tests could be useful for making a rapid differential diagnosis for nontuberculous lesions that have acidfast organisms. When formalin-fixed tissues from cattle, elk, or deer infected with M. paratuberculosis were tested with the IS900 primers, 12 of 15 samples gave a positive result. Similar findings were recently reported in a study that examined tissues from cattle with Johne's disease . 21 There are no previous reports that describe use of PCR for detection of M. avium complex organisms in formalin-fixed tissue. The DNA fragment amplified by IS 1245 primers was relatively large for use on formalin-fixed tissue; nevertheless, 9 of 12 M. avium-infected tissues gave positive PCR results.
